The authors examined the associations between fruit and vegetable intakes and risk of colorectal cancer in the NIH-AARP Diet and Health Study. Diet was assessed with a food frequency questionnaire at baseline. Relative risks and 95% confidence intervals were estimated by using the Cox proportional hazards model. During 5-year follow-up of 488,043 men and women aged 50-71 years, 2,972 incident colorectal cancer cases were identified. The respective 10th and 90th percentiles of total fruit and vegetable intake (servings/1,000 kcal per day) were 1.4 and 5.2 for men and 1.8 and 6.5 for women. Compared with that for the lowest quintile of vegetable intake, the multivariate relative risk for the highest quintile was 0.82 (95% confidence interval: 0.71, 0.94) for men and 1.12 (95% confidence interval: 0.90, 1.38) for women. Increased risk of colorectal cancer was observed for very low intake of total fruits and vegetables by men (multivariate relative risk for <1 vs. 2.0 servings/1,000 kcal per day ¼ 1.26, 95% confidence interval: 1.03, 1.54). Among subgroups of vegetables, green leafy vegetables were associated with a lower risk of colorectal cancer for men (multivariate relative risk for the highest quintile vs. the lowest ¼ 0.86, 95% confidence interval: 0.74, 0.99). Intake of fruits was not related to risk of colorectal cancer in men or women. cohort studies; colorectal neoplasms; fruit; vegetables Abbreviations: CI, confidence interval; FFQ, food frequency questionnaire; RR, relative risk.
Fruits and vegetables, rich in potentially anticarcinogenic constituents such as vitamin C, carotenoids, folate, dietary fiber, flavonoids, plant sterols, phenolic acids, and other phytochemicals, have been hypothesized to reduce risk of colorectal cancer (1). Animal and human feeding studies support the hypothesized protective effect of fruits and vegetables on cancer by providing plausible biologic mechanisms including reduction of oxidative damage to lipids and DNA, induction of phase I and II enzymes, and stimulation of DNA repair and apoptosis (2, 3) . However, evidence from observational studies of fruit and vegetable intakes and risk of colorectal cancer has been inconsistent. The 1997 World Cancer Research Fund report (4), reviewing 22 case-control studies and four prospective cohort studies, concluded that convincing evidence of decreased risk of colorectal cancer existed for vegetable intake but not for fruit intake. In contrast, prospective cohort studies published after the World Cancer Research Fund report have generally found no associations or statistically nonsignificant, weak inverse associations of fruit, vegetable, and total fruit and vegetable intakes with risk of colorectal cancer. A recent review of 11 prospective cohort studies published through early 2003 (5) found that fruit and vegetable intakes were not related to risk of colorectal cancer.
Recently, the Women's Health Initiative Randomized Controlled Dietary Modification Trial (6) reported that daily intake of at least five servings of fruits and vegetables along with a low-fat diet did not lower risk of colorectal cancer in postmenopausal women.
Although aggregate results from prospective cohort studies suggest no significant association between fruit and vegetable intakes and risk of colorectal cancer, the results should be carefully interpreted because of limitations in those studies. First, in the meta-analysis (5, 7) , considerable between-study heterogeneity was observed in the estimation of summarized relative risks but the sources of heterogeneity were not identified, suggesting that the summary of relative risks should be interpreted with caution. Second, null or statistically nonsignificant weak associations observed in most prospective cohort studies may be due to methodological limitations in observational studies. These cohort studies used a food frequency questionnaire (FFQ) that measured individuals' usual intakes of fruits and vegetables with error (8, 9) . The measurement error in intake estimation combined with errors from covariates modeled in multivariate models may attenuate true relative risks and lead to obscured null associations between intakes of fruits and vegetables and risk of colorectal cancer. Other potential limitations in cohort studies include limited ranges of fruit and vegetable intakes and relatively small numbers of cases in some studies, resulting in a lack of statistical power to detect a true modest association.
Two recent studies have suggested a possible threshold effect of fruit and vegetables on colorectal cancer (10, 11) ; very low intakes of fruits and vegetables were associated with increased risk of colorectal cancer, but moderate to high intake did not lower this risk. Because our large cohort of men and women reported a wide range of fruit and vegetable intakes, we were able to investigate the associations of very low and high fruit and vegetable intakes with risk of colorectal cancer. In addition, we were able to examine specific subgroups of fruits and vegetables in relation to risk of colorectal cancer.
MATERIALS AND METHODS

Study population
The NIHÿAAPR Diet and Health Study, a collaboration between the National Institutes of Health (NIH) and AARP (formerly the American Association of Retired Persons), has been described previously (12) . Briefly, it was initiated in 1995-1996 with the mailing of a self-administrated questionnaire to 3.5 million AARP members aged 50-71 years from six US states (California, Florida, Louisiana, New Jersey, North Carolina, and Pennsylvania) and two metropolitan areas (Atlanta, Georgia; and Detroit, Michigan). The study was approved by the National Cancer Institute Institutional Review Board. Of 567,169 participants who returned questionnaires with satisfactory dietary data, we excluded individuals with duplicate questionnaires (n ¼ 179), who requested to be withdrawn (n ¼ 1), who had moved out of the study area or died at baseline (n ¼ 589) or were diagnosed with colorectal cancer at baseline (n ¼ 26), who indicated they were proxies for the intended respondents (n ¼ 15,760), who had any self-reported prevalent cancer except nonmelanoma skin cancer at baseline (n ¼ 51,207), who had self-reported end-stage renal disease at baseline (n ¼ 997), and who had a cancer cause of death record and no cancer registry record (n ¼ 1,660). In addition, we excluded individuals who reported extreme intakes (beyond two times the interquartile range of sex-specific Box-Cox log-transformed intake) of total energy (n ¼ 4,401) and of fruits and vegetables (n ¼ 4,306). After all exclusions, the analytic cohort consisted of 291,094 men and 196,949 women.
Cancer ascertainment
We identified incident cases of colorectal cancer that occurred during the follow-up through December 31, 2000. The cases were identified through probabilistic linkage with eight state cancer registry databases certified by the North American Association of Central Cancer Registries as being 95 percent complete within 2 years of cancer occurrence. Information on colorectal cancer tumor site and histology was also obtained through linkage with state cancer registries. The case ascertainment method used in the study detected 90 percent of all cancer cases in our cohort (13) .
We defined incident cases of colorectal cancer to be both invasive and, if multiple cancers were diagnosed in the same participant, the first malignancy diagnosed during the follow-up period (International Classification of Diseases for Oncology, Third Edition, codes C180-C189, C260, C199, C209). Cases diagnosed with cancer in both the colon and rectum on the same day (n ¼ 24) were considered cases for both sites. We further classified colorectal cancer by tumor site: proximal (codes C180-C184), distal (codes C185-C187), and rectum (codes C199, C209).
Dietary assessment
At baseline, dietary intakes were assessed with a selfadministered, 124-item FFQ that was an earlier grid-based version of the Diet History Questionnaire developed at the National Cancer Institute (14) . Participants were asked to report their usual frequency of intake and portion size over the last 12 months, using 10 predefined frequency categories ranging from ''never'' to ''6 times per day'' for beverages and from ''never'' to ''2 times per day'' for solid foods and three categories of portion size. The food items, portion sizes, and nutrient database were constructed on the basis of Subar et al.'s method (15) using the US Department of Agriculture's 1994-1996 Continuing Survey of Food Intake by Individuals (16) . In addition, food groups and their serving sizes were defined by the Pyramid Servings Database corresponding to the 1994-1996 Continuing Survey of Food Intake by Individuals, which uses a recipe file to disaggregate food mixtures into their component ingredients and assigns them to food groups. A serving of fruit was defined as one medium-sized piece of fresh fruit, ½ cup of cut fruit, or 6 ounces of juice (1 cup ¼ 237 ml, 1 ounce ¼ 29.6 ml). A serving of vegetables was defined as 1 cup of leafy vegetables, ½ cup of other vegetables, or 6 ounces of juice (17) . We excluded all potatoes except sweet potatoes from the vegetable group. The FFQ also asked about frequency and type of vitamin supplements used over the last 12 months. We also collected information on demographic characteristics, medical history, and lifestyle at baseline.
The FFQ used in the study was evaluated using two nonconsecutive 24-hour recalls among 1,953 AARP participants (F. E. Thompson, National Cancer Institute, personal communication, 2006). The energy-adjusted correlation coefficients between intake from the FFQ and from 24-hour recalls were 0.72 (men) and 0.61 (women) for total fruit and vegetable intake, 0.70 (men) and 0.65 (women) for vitamin C from foods, 0.64 (men) and 0.69 (women) for folate from foods, and 0.72 (men) and 0.66 (women) for dietary fiber from foods.
Statistical analysis
Relative risks and two-sided 95 percent confidence intervals were estimated with the Cox proportional hazards model (18) by using age as an underlying time metric and the SAS PROC PHREG procedure (19) . Person-years of follow-up time were calculated from the date of the baseline questionnaire until the date of colorectal cancer diagnosis, death, move from the registry areas, or end of follow-up, whichever occurred first. The proportional hazards assumption was evaluated by modeling interaction terms of time and intakes of fruits and vegetables; no statistically significant interactions were found, confirming the assumption. The relative risks of colorectal cancer were estimated according to sex-specific quintiles of intake as well as categories defined by prespecified cutpoints of intake. The test for z Adjusted for education (<high school, high school graduate, some college, college graduate/ postgraduate, and missing), physical activity (never/rarely, <3 times/month, 1-2 times/week, 3-4 times/week, 5 times/week, and missing), smoking (never, past 20 cigarettes/day, past >20 cigarettes/day, current 20 cigarettes/day, current >20 cigarettes/day, and missing), alcohol consumption (0, <5, 5-<15, 15-<30, 30 g/day, and missing), and intake of red meat (quintiles), dietary calcium (quintiles), and total energy (continuous).
§ RR, relative risk; CI, confidence interval.
Fruits, Vegetables, and Risk of Colorectal Cancer 173 trend across categories of intake was performed by assigning participants the median value of their categories and entering it as a continuous term in a regression model. We used a nutrient density model, in which daily intakes of fruits and vegetables were expressed as number of pyramid servings per 1,000 kcal of total energy. In multivariate models, we adjusted for education (less than high school, high school graduate, some college, and college graduate/ postgraduate), physical activity (at work or home, including exercise, sports, and activities such as carrying heavy loads, which lasted 20 minutes or more and caused either increases in breathing or heart rate or working up a sweat; never/ rarely, <3 times/month, 1-2, 3-4, and 5 times/week), smoking (never, 20 cigarettes/day in the past, >20 cigarettes/day in the past, currently 20 cigarettes/day, and currently >20 cigarettes/day), alcohol consumption (0, <5, 5-<15, 15-<30, and 30 g/day), and intakes of red meat (quintiles), dietary calcium (quintiles), and total energy (continuous). An indicator variable for missing responses for each covariate was created. We also examined interactions between fruit and vegetable intakes and each of the covariates listed above. In additional analyses, we further adjusted for race; body mass index; family history of colorectal cancer; colorectal cancer screening; use of multivitamins, nonsteroidal antiinflammatory drugs, and menopausal hormone therapy in women; and vitamin D intake, and we found that results were similar to those from the parsimonious models. We also analyzed data by using a standard multivariate model, in which intakes of fruits and vegetables were expressed as number of pyramid servings per day and total energy and other covariates were included in a model, and we observed results similar to those from the multivariate nutrient density method.
RESULTS
During 2,121,664 person-years of follow-up (mean follow-up, 4.3 years), 2,972 incident cases of colorectal cancer (2,048 in men and 924 in women) were identified. The 10th and 90th percentiles of total fruit and vegetable intake were 1.4 and 5.2 servings/1,000 kcal per day (2.4 and 10.5 servings/day) for men and 1.8 and 6.5 servings/1,000 kcal per day (2.4 and 10.5 servings/day) for women. Compared with individuals with low total fruit and vegetable intake, individuals with higher total fruit and vegetable intake were more educated, more physically active, and less likely to smoke. In addition, individuals with high total fruit and vegetable intake consumed less alcohol and red meat but more dietary calcium than those with low total fruit and vegetable intake (table 1).
In the age-adjusted model for men, risk of colorectal cancer was reduced by approximately 20-30 percent when the highest versus the lowest quintile of fruit, vegetable, and total fruit and vegetable intakes was compared (table 2) . However, after adjustment for other colorectal cancer risk factors, the associations for fruit and for total fruit and vegetable intake were attenuated and no longer significant, whereas the association for vegetable intake remained statistically significant (multivariate relative risk (RR) for the highest vs. the lowest quintile ¼ 0.82, 95 percent confidence y Adjusted for education (<high school, high school graduate, some college, college graduate/postgraduate, and missing), physical activity (never/rarely, <3 times/month, 1-2 times/week, 3-4 times/ week, 5 times/week, and missing), smoking (never, past 20 cigarettes/ day, past >20 cigarettes/day, current 20 cigarettes/day, current >20 cigarettes/day, and missing), alcohol consumption (0, <5, 5-<15, 15-<30, 30 g/day, and missing), and intake of red meat (quintiles), dietary calcium (quintiles), and total energy (continuous).
z RR, relative risk; CI, confidence interval. Among subgroups of fruits and vegetables, green leafy vegetable intake was associated with lower risk of colorectal cancer for men (multivariate RR for the highest vs. the lowest quintile ¼ 0.86, 95 percent CI: 0.74, 0.99; table 5). Intake of citrus fruit also showed a weak, nonsignificant inverse association with risk of colorectal cancer for men (multivariate RR for the highest vs. the lowest ¼ 0.89, 95 percent CI: 0.77, 1.03). No specific subgroup of fruits and vegetables was related to risk of colorectal cancer for women.
DISCUSSION
The hypothesis of a beneficial effect of fruit and vegetable intakes on risk of colorectal cancer has been supported by findings from case-control studies. A recent review of nine case-control studies (5) summarized that colorectal cancer risk was lowered by 13 percent (odds ratio ¼ 0.87, 95 percent CI: 0.78, 0.97) and 37 percent (odds ratio ¼ 0.63, 95 percent CI: 0.56, 0.70) when the highest versus the lowest y Citrus fruit included orange, orange juice, and grapefruit. Deep yellow fruits and vegetables included peach, cantaloupe, carrots, sweet potatoes, and pumpkin. Green leafy vegetables included cooked greens (e.g., spinach, turnip, collard, mustard, and kale), raw greens, and lettuce salad. Cruciferous vegetables included broccoli, cauliflower, and brussels sprouts. Legumes included dried beans, string beans, and peas.
z Adjusted for education (<high school, high school graduate, some college, college graduate/postgraduate, and missing), physical activity (never/rarely, <3 times/month, 1-2 times/week, 3-4 times/week, 5 times/week, and missing), smoking (never, past 20 cigarettes/day, past >20 cigarettes/day, current 20 cigarettes/day, current >20 cigarettes/day, and missing), alcohol consumption (0, <5, 5-<15, 15-<30, 30 g/day, and missing), and intake of red meat (quintiles), dietary calcium (quintiles), and total energy (continuous).
category of fruit and vegetable intakes, respectively, were compared. Because of recall and selection bias and the high likelihood of publication of case-control studies with significant results, the validity of these findings from case-control studies has been questioned. In contrast to case-control studies, prospective cohort studies conducted in the United States (10, (20) (21) (22) (23) (24) (25) , Europe (11, (26) (27) (28) , and Japan (29, 30) have reported inconsistent results. Some cohort studies (10, 11, 20, 27, 28) observed an approximately 25-40 percent reduction in colorectal cancer risk for those with high intakes of fruits, vegetables, and total fruits and vegetables, whereas other studies found no associations (21-26, 29, 30) . However, some of the cohort studies found that the colorectal cancer risk for fruit and vegetable intakes decreased markedly in the second lowest category, and the reduced risk persisted through the highest category (10, 11, 23, 25, 27) . Consistent with those studies, our study found that the multivariate relative risk for the second quintile of vegetable intake was similar through the highest quintile compared with the lowest quintile of men. Furthermore, we observed increased risk of colorectal cancer for men with very low intakes of vegetables and total fruits and vegetables compared with those with low to high intakes. The Cancer Prevention Study II Nutrition Cohort Study (10) also found that very low intake of vegetables significantly increased risk of colorectal cancer for men (multivariate RR for <0.80 vs. 1.30 servings/day of vegetables ¼ 1.79, 95 percent CI: 1.22, 2.61). In addition, the Swedish Mammography Screening Cohort Study (11) found that low intake of total fruits and vegetables increased risk of colorectal cancer (multivariate RR for <1.5 vs. >2.5 servings/day ¼ 1.65, 95 percent CI: 1.23, 2.20). This nonlinear relation between fruit and vegetable intakes and risk of colorectal cancer suggests a threshold effect of fruit and vegetable intakes and the importance of consuming a certain minimum amount of fruits and vegetables every day, but high intakes of fruits and vegetables may have little additional benefit in terms of colorectal cancer risk.
Our study, consistent with findings from the Cancer Prevention Study II Nutrition Cohort Study (10) , observed that vegetable intake was related to lower risk of colorectal cancer for men but not for women. This gender difference may be partially explained by differential reporting errors. Studies have found that healthful attitudes, beliefs, and dietary habits were more strongly correlated with vegetable intake among women than among men (31, 32) and that women overreported foods perceived as healthy (33, 34) . Misreporting of fruit and vegetable intakes by women in our study would have led to exposure misclassification, resulting in an attenuated association.
Although not statistically significant, we found that the effect of vegetable intake in men was somewhat stronger in the distal (RR ¼ 0.76, 95 percent CI: 0.59, 0.98) than in the proximal (RR ¼ 0.90, 95 percent CI: 0.72, 1.14) colon when we compared the highest versus the lowest quintile of intake. Similar results were found in the Netherlands Cohort Study on Diet and Cancer (27) Some studies found that certain subgroups of fruits and vegetables were associated with colorectal cancer risk. In our study, green leafy vegetable intake was associated with a lower risk of colorectal cancer for men. In the Netherlands Cohort Study on Diet and Cancer (27) , intakes of cooked leafy vegetables and cruciferous vegetables were inversely associated with risk of colon cancer for women: when the highest versus the lowest quintiles of intake were compared, the multivariate relative risk for cooked leafy vegetables was 0.62 (95 percent CI: 0.40, 0.96) and for cruciferous vegetables was 0.51 (95 percent CI: 0.33, 0.80). The Cancer Prevention Study II Nutrition Cohort Study (10) found that fruits and vegetables high in b-carotene lowered risk of colorectal cancer for men (multivariate RR ¼ 0.60, 95 percent CI: 0.40, 0.89 comparing the highest vs. the lowest quintile).
Mean fruit and vegetable intakes in our study were higher than those in the US population (35) and other cohort studies (10, 11, 21, 23) but were comparable to those in another cohort study conducted in the United States (25) . Moreover, our study had a wider range of fruit and vegetable intakes than that in other studies: more than 10 percent of our study participants reported fewer than 2.5 servings/day of total fruit and vegetables, and 10 percent of participants indicated more than 10 servings/day. This wide intake range enabled us to examine the risk of colorectal cancer at fairly low and high intakes and thereby increased the likelihood of detecting a true association with colorectal cancer.
We assessed participants' fruit and vegetable intakes with the FFQ. It has been debated whether measurement errors in the FFQ could cause significant distortion of observed associations (8, 9) . Studies have shown that fruit and vegetable intakes from the FFQ correlated reasonably well with consumption from other self-reported reference instruments such as food records and multiple 24-hour recalls, and biomarkers such as plasma vitamin C concentration (8, 36) . Such correlations, however, do not guarantee that the FFQ is accurate enough to detect a moderate, but important diet-cancer relation. We therefore cannot rule out the possibility that true associations of fruits and vegetables with colorectal cancer have been substantially attenuated.
Dietary changes made during the follow-up period could not be addressed in our study because dietary intakes were measured at baseline only. Nonetheless, Goldbohm et al. (37) reported that fruit and vegetable intakes were consistent through five annual assessments using a FFQ, and another study with several repeated assessments of fruit and vegetable intakes (23) found that results using baseline-only data yielded the same results as those using repeated measurement. In addition, considering the relatively short follow-up period of our study, it is unlikely that a significant number of participants changed their intakes of fruits and vegetables. On the other hand, if fruits and vegetables exert an anticarcinogenic effect only after many years, that is, in the context of a long latency period for colorectal cancer, it is possible that the duration of follow-up in our study was insufficient to detect such an effect.
One concern related to dietary change is food fortification with folate since our study began. Folate, abundant in green leafy vegetables, has been associated with lower risk of colorectal cancer (38) . If the beneficial effect of fruits and vegetables was largely due to folate, and folate intake increased as a result of food fortification while intake of fruits and vegetables remained fairly constant during follow-up, the increased folate intake might have diminished the fruits and vegetables-colorectal cancer association. In addition, high prevalence of multivitamin supplement use among participants in our study may obscure the relation of fruits and vegetables to risk of colorectal cancer because multivitamin supplements have a high quantity of potentially anticarcinogenic nutrients also abundant in fruits and vegetables. However, when we examined the associations between intakes of fruits and vegetables and risk of colorectal cancer among multivitamin supplement users, we observed results similar to those for multivitamin supplement nonusers.
In this large, prospective cohort study with 2,972 incident colorectal cancer cases and extensive information on diet and other colorectal cancer risk factors, we observed that vegetable intake was associated with a lower risk of colorectal cancer for men but not for women. The association was stronger among individuals with very low intakes of fruits and vegetables, suggesting a certain minimum amount of daily fruit and vegetable consumption to avoid increased risk of colorectal cancer. Among subgroups of vegetables, green leafy vegetable intake was inversely associated with risk of colorectal cancer for men.
